Silver-and copper-doped ZnO lms were prepared by radio-frequency magnetron sputtering on glass substrates. The inuence of dopants content on the structural, morphological properties as well as on evolution of the optical absorption edge was considered. It has been found that Ag-and Cu-doped ZnO lms are characterized by wurtzite crystalline structure with the preferred direction of crystalline orientation (002). The sizes of grains within the lms were found to be dependent on the type of dopant. The temperature evolution of the optical absorption edge is described by the modied Urbach rule that reects polycrystalline nature of the material. The corresponding parameters concerning electron (exciton) phonon interaction, phonon energies and temperature changes of the band-gap were determined and analysed.
Introduction
ZnO is a very interesting material for many dierent applications in both microelectronic and optoelectronic devices. It is a wide bandgap oxide semiconductor with a direct energy gap of about 3.37 eV and high exciton binding energy of 60 meV at room temperature. Though, ZnO absorbs (UV) radiation due to band-to-band transition, it can be used as transparent conductive oxide thin lm, mainly for applications such as solar cells, liquid crystal displays and heat mirrors [13] .
Furthermore, ZnO is used in semiconducting multilayers, in gas sensors and optical position sensors, UV light-emitters, surface acoustic wave devices, piezoelectric transducers [4, 5] . During the last years ZnO has emerged as one of the most promising materials due to its optical and electrical properties, high mechanical and chemical stability together with its abundance in nature and non-toxicity.
In order to improve the properties of ZnO lms, several techniques such as sputtering, thermal evaporation, metal-organic chemical vapour deposition, spray pyrolysis, pulsed laser and electrochemical depositions have been applied for their production. The radio-frequency (rf ) magnetron sputtering technique is one of preferred among these techniques since it is versatile and permits to produce the high-quality lms for dierent applications. * corresponding author; e-mail: bohdan_kulyk@yahoo.com
The structural, physical and electrical properties of that the metals of group I (Ag,Cu) would be considered as the fast-diusing impurities in the semiconductor compound [6] . The diusion of copper or silver into ZnO can cause changes in the characteristics of its structure and, therefore, in the other physical properties.
The Ag and Cu dopants in ZnO may behave like many other monovalent dopant ions, which have the ability to occupy both the lattice and interstitial sites (i.e. amphoteric dopants), that would be expressed as [13] :
The Ag and Cu centres in ZnO can occur in the fol- The X-ray diraction (XRD) measurements were carried out using STOE STADI P diractometer with linear position sensitive detector in transmission BraggBrentano geometry (Cu K α1 radiation at λ = 1.5406 Å, Ge(111) monochromator, detector scanning step: 0.480
• 2θ, accumulation time: 320 s, 2θ angle resolution: 0.015
• , 2θ range: 23115 • ). The atomic force microscopy (AFM) scans were performed in contact mode using a Solver P47-PRO scanning probe microscope (NT--MDT). Processing of images was done using the Image
Analysis program (NT-MDT).
The temperature evolution of the optical absorption edge was measured using a setup based on SF-4A quartz monochromator in the range from 350 to 450 nm.
3. Results and discussion
XRD analysis
The XRD spectra of ZnO and ZnO:Ag thin lms of wurtzite structure are shown in Fig. 1 (also Table I ).
As one can see, the doping of ZnO lm by a few percents of silver does not aect the crystalline structure of the lm considerably. From the XRD patterns and as it is evident from previous reports [7, 10, 12, 13, 2123] , the silver-doped ZnO lms have preferred orientation in the (002) direction. Besides, the additional low-intensity peaks corresponding to (100) and (101) directions in ZnO are observed. In the XRD spectra of ZnO lm with higher amount of Ag ions (5.9 at.%) at 2θ = 38.12
• there appears a peak corresponding to the phase of silver. The relative intensity of (002)-peak in respect to the intensity of (101)-peak was found to be higher than those for the lm with a lower Ag concentration (1.6 at.%).
Since Ag + ions have a larger radius (0.122 nm) than Zn 2+
(0.074 nm) they either substitute ions of Zn 2+ that leads to distortion of the unit cell or segregate at the grain boundaries of ZnO and hence induce considerable disorder and faster grow of ZnO grains [13, 23] . Ag + would preferentially choose to sit in the vicinity of grain boundaries due to its large ionic radius. Thus, it is suggested that increase of the silver amount in ZnO lm leads to its segregation at the grain boundaries and simultaneously decrease of the amount of substituted Ag + ions. Under such circumstances the crystalline quality of ZnO lm appeared to be higher. Moreover, with the increase of copper or silver dopant amount, in the XRD spectra the shift of (002)-peak into direction of higher values of 2θ takes place in the XRD spectra due to isomorphous substitution of Zn 2+ ions by Ag + or Cu 2+ ions. The parameters taken from these spectra are presented in Table I . With the increase of dopant (Ag,Cu) concentration the lattice d-spacing in doped ZnO lms decreases. Meanwhile, the FWHM parameter for doped lms is less than in undoped ZnO lms.
Microstructure and morphology analysis
AFM micrograph analysis indicates the granular character of the deposited lms. Figure 3 shows the AFM images of ZnO lm and ZnO lms doped with practically similar concentration of copper and silver dopant 1.5 at.% and 1.6 at.%, respectively. The average grain size and the surface roughness obtained from those data (Table II) Temperature behaviour of the absorption edge of ZnO single crystal is described by empirical Urbach's rule.
In this case the absorption coecient can be given as [27, 28] :
where α 0 ,E 0 are Urbach's rule parameters which characterize a crystal, k B is the Boltzmann constant, parameter σ denes the slope of the spectral curves. . The slope of these curves remains practically the same and we observe a parallel shift toward lower energy. This provides a basis for assuming that the temperature variation of absorption edge in the studied lms is described by a modied Urbach rule [29, 30] :
where
static and dynamic disorder due to frozen and thermal phonons in the system, respectively. According to this rule, the slope of energy dependence of logarithm of the absorption coecient in contrast to bulk materials does not change with temperature increase and parallel shift of these dependences into direction of lower energy takes place. Such a behaviour is usual for amorphous or polycrystalline materials [27] . In the case when the thermal phonon mechanism predominates in broadening of the absorption edge, the temperature dependence of parameter σ(T ), describing the slope of the optical absorption edge is following [31] :
where σ 0 is constant, which is inverse proportional to the electron (exciton) phonon interaction, hν ph is the eective energy of phonons participating in absorption edge formation.
Temperature dependence σ(T ), dened from the slope of ln(α) = f (E), is shown in Fig. 6 . For all the samples, it has a linear character conrmed by their parallelism.
Since the parameter σ(T ) is connected with the slope of absorption edge one can notice that the absorption edge is most blu in the undoped ZnO lm. The dependence of σ(T ) on the dopant concentration is not monotonic.
At the same time this parameter increases at heating for all studied lms.
To determine the phonon energies hν ph and σ 0 constants for the investigated lms, it is necessary to expand th(hν ph /2k B T ) in series and take into account rst two terms [32] :
Drawing the dependence of σ(T ) from 1/T 2 and using a linear extrapolation from the side of higher temperatures, the values of ν ph and σ 0 were found for Ag-and Cu-doped ZnO lms (Table III) . Constant σ 0 is inversely proportional to the strength of electron (exciton) phonon interaction g: 
